Primates are intensely social and exhibit extreme variation in social structure, making them particularly well suited for uncovering evolutionary connections between sociality and vocal complexity. Although comparative studies find a correlation between social and vocal complexity, the function of large vocal repertoires in more complex societies remains unclear. We compared the vocal complexity found in primates to both mammals in general and human language in particular and found that non-human primates are not unusual in the complexity of their vocal repertoires. To better understand the function of vocal complexity within primates, we compared two closely related primates (chacma baboons and geladas) that differ in their ecology and social structures. A key difference is that gelada males form long-term bonds with the 2-12 females in their harem-like reproductive unit, while chacma males primarily form temporary consortships with females. We identified homologous and non-homologous calls and related the use of the derived nonhomologous calls to specific social situations. We found that the socially complex (but ecologically simple) geladas have larger vocal repertoires. Derived vocalizations of geladas were primarily used by leader males in affiliative interactions with 'their' females. The derived calls were frequently used following fights within the unit suggesting that maintaining cross-sex bonds within a reproductive unit contributed to this instance of evolved vocal complexity. Thus, our comparison highlights the utility of using closely related species to better understand the function of vocal complexity.
INTRODUCTION
The complexity of vocal communication varies enormously across species, from humans with an endless repertoire of sound combinations, to species of mongoose that produce only three different sounds [1] . As we continue to document the diversity that exists in nature, we are increasingly able to use comparative studies to identify the selective pressures responsible for increasing vocal complexity. One of the most salient findings that has emerged is that high levels of sociality are found in combination with a high degree of vocal complexity [2] [3] [4] [5] . For example, ground-dwelling sciurid species with socially complex groups (i.e. many age/sex classes) produce more acoustically distinct alarm calls than species with fewer age/sex classes [2] . Although non-primate taxa can be excellent study subjects for investigating the evolution of vocal complexity in general (e.g. rodents: [6] ; bats [5] ) primates, as our closest relatives, can provide insight into the evolution of the most complex vocal system-our own [7, 8] . Moreover, primates exhibit extreme variation in social structure, making them particularly well suited for uncovering evolutionary connections between sociality and vocal complexity.
Facets of primates' sociality distinguish them from most other mammals. First, primates exhibit an unusual degree of sociality that some have proposed has resulted in a kind of 'Machiavellian intelligence' [9, 10] in that individuals are capable of forming coalitions [11] , deceiving others [12] and maintaining strong, longterm social bonds with both kin and non-kin [13] [14] [15] . Second, primates are unusual among mammals in that the size of their groups is positively associated with some aspects of brain size [10, 13] . One intriguing explanation for this relationship is that primates require sophisticated cognitive abilities for keeping track of and maintaining complex networks of social relationships [9, 16, 17] -particularly considering recent findings that social networks actually enhance individuals' fitness [18, 19] . Offering further support, the strong positive relationship between group size, time spent grooming and diversity of vocal repertoire in primates [20] suggest that more vocalizations may indeed be necessary for navigating the complex network of social relationships in primate societies.
In this review, we first focus on the evolution of vocal complexity in primates, and then propose a novel approach for studying the function of vocal complexity. Although a species' repertoire size provides one useful comparative metric, it is a composite measure with no information about the function of the individual calls that comprise it. Here, we propose that the function of vocal complexity can be understood by comparing vocalizations among closely related species with differing repertoire sizes to identify species-specific derived calls. In such cases, the function of greater vocal complexity matches the function of the derived calls. As an example of how this approach can provide insights about the evolution of complexity, we compare the vocalizations of geladas (Theropithecus gelada) and chacma baboons (Papio ursinus)-two closely related Old World monkeys with overlapping vocal repertoires but very different ecological and social structures.
VOCAL REPERTOIRES OF PRIMATES AND OTHER MAMMALS (a)
Repertoire size as a measure of complexity Mammalian vocal communication is typically described as being made up of discrete, functional units, or 'calls' [21 -23] . Based on these functional units, vocal complexity is quantified in terms of (i) number of discrete vocalizations in the repertoire (repertoire size) [2, 20, 24, 25] , or less commonly, (ii) degree of individuality within discrete calls [5, 6, 26] . Other ways of assessing vocal complexity include quantifying syllable complexity, amount of information contained within a call [5] , or the number of calls within a specific category of vocalizations (e.g. alarm calls [2] ).
Several mammalian species produce call variants, or graded calls, which vary slightly in acoustic properties [27] [28] [29] [30] [31] , such as fundamental frequency [28] , 'pitch' [29] or duration [24] and, as a result, have different meanings to receivers [29, [32] [33] [34] . For species with small, fixed vocal repertoires, these subtle alterations may help to extend the flexibility of an otherwise limited repertoire [7] . However, identifying graded calls requires detailed acoustic and behavioural analyses and data of comparable detail are rarely available for multiple species. Therefore, as has become the convention in vocal studies [2, 20, 24, 25] , we refer to repertoire size as the number of discrete calls that animals in a population or species produce.
(b) Vocalization types Vocalizations are produced in many different contexts. Some are produced in response to external stimuli such as predators and food. We call these 'allospecific' vocalizations (table 1) and include alarm calls and food calls. Alarm calls can communicate the degree of risk involved [2, 24] , indicate predator type (i.e. aerial or terrestrial) [53, 54] , or combine information on risk and predator type [51] . Primates, in particular, are known to produce alarm vocalizations specific to predator type, eliciting appropriate responses in receivers [55] [56] [57] . Notably, the complexity of primate alarm calls is generally attributed to a complex physical (rather than social) environment [58] . If different predators have different modes of hunting, primate prey should have evolved different predator responses to each. By contrast, the complexity of alarm calls in a small social carnivore, the meerkat (Suricata suricatta), has been attributed to the need for social coordination [4] . Relative to a sympatric-living herbivore species like Cape ground squirrels (Xerus inauris), meerkats travel farther from underground shelters in their open habitat to find living prey, and they depend on 'sentinels' to emit referential alarm calls that vary acoustically based on predator type [4] . This strategy allows individual meerkats to decrease time spent being vigilant and increase foraging efficiency.
The other allospecific vocalizations, food calls, are less variable than alarm calls. Only a handful of studies have demonstrated that variation in calls is related to the quantity or quality of the food source [59] ; but most studies report a lack of variation [60] . Although alarm and food calls differ substantially in degree of complexity, they share two features: (i) they are elicited by non-conspecifics, and (ii) they are the only two contexts where proto-syntax (i.e. the combination of call elements to form new meanings) has been reported, specifically in primates (food calls [61] ; alarm calls [62] ).
The vast majority of mammalian vocalizations are emitted during social interactions with conspecifics, under conditions of varying motivational states (e.g. mating, aggression, fear). We call these 'social' vocalizations and divide them into two main classes-calls that function over a long distance ('loud calls') and calls produced in close-range social interactions ('close-range calls', table 1). Loud calls may function to attract or defend mating partners [63] , defend a territory or food source through maintenance of intergroup spacing [42, 64] , or re-establish contact with group members that are out of sight ('separation calls') [38] .
Close-range calls are produced in agonistic, neutral or affiliative contexts. Calls produced in agonistic contexts may function to assess or warn rivals, such as contest calls that advertise fitness [42] or threat calls that maintain a dominance hierarchy [46, 65] . Harassed individuals, on the other hand, may produce distress calls, which probably function to appease the aggressor and attract coalition partners [50] . The specific function of some close-range calls made in strictly neutral or affiliative social situations has been more difficult to ascertain and little is known about them besides the contexts in which they are produced [7] . Copulation calls, for example, do not appear to have the same function across different species and may even serve no function in some instances [66, 67] . Other close-range calls are ascribed to an affiliative function, often described as 'contact calls' (e.g. in raccoons (Procyon lotor) [65] ; capuchins (Cebus capucinus) [68] ). Contact calls can be produced in various 'friendly' contexts, such as during post-conflict reconciliation interactions [69] and prior to friendly behaviours like allogrooming [50, 70, 71] . These close-range contact calls are also produced in more 'neutral' behavioural states like foraging and resting, and therefore could be involved in the maintenance of group cohesion and inter-individual spacing [72] .
Primate vocal repertoires are similar to those of other terrestrial mammals (table 1). Although primate repertoires may be slightly larger (on average), there is considerable overlap between primates and other taxa, both in total repertoire size and within each category of calls. Species with large repertoires relative to other species in their order generally produce a large proportion of calls in just one or two categories of calls (e.g. long distance and competitive calls-Callicebus moloch [38] ; distress and contact calls-Pan troglodytes [46] ; allospecific and contact calls-Suricata suricatta [51, 52] ). This suggests that specific needs related to one domain (e.g. competition or affiliation) might drive the development of large repertoires, rather than an overall increase in repertoire across all categories. Within primates, no clear taxonomic pattern has emerged with respect to repertoire size. Each family of primates (including great apes) contains species with large and small repertoires. Surprisingly, despite the social complexity of primates, there is no consistent trend for primates to have more social calls than other mammals, which suggests that simple comparisons of numbers of calls are of limited utility.
(c) Function of larger repertoires One of the primary hypotheses put forward to explain large, complex vocal repertoires is that social complexity creates the need for more vocalizations [21, [73] [74] [75] [76] . Comparative studies have found a positive relationship between social complexity and communicative complexity, providing support for this hypothesis [2, 3, 5, 20] . In sciurids, the alarm call repertoire size increases with the number of demographic 'roles' [2] . Additionally, in primates, an increase in total vocal repertoire size was associated with both larger groups and increases in time spent grooming-a measure of social cohesion [20] . These studies have been important for pinpointing aspects of sociality Table 1 . Vocal repertoire size for exemplar species from Primata, Rodentia, and Carnivora broken down into six categories: Allospecific (alarm calls and food calls), long distance (separation calls, intergroup spacing calls), contact (short-range soft calls), competitive (threat and display calls), distress calls (fear calls during agonism) and other (contexts unknown or made in several different contexts). Sources from Primata are drawn from the repertoire analysis made by McComb & Semple [20] , excluding captive studies. Total repertoire sizes in this paper are slightly different because we did not count sequences of discrete call units as separate calls if the units were produced singly. Sounds that are not strictly 'vocalizations', such as sneezes, coughs and teeth chattering, are excluded from the (i.e. large sociable groups, various demographic roles) that may drive the evolution of large repertoires. However, vocal repertoires of different species may be 'large' for different reasons (table 1) , and more work is clearly needed to understand the selective pressures underlying expansions in repertoires.
VOCAL COMPLEXITY OF HUMANS AND OTHER PRIMATES
Relative to humans, non-human primates (henceforth referred to as 'primates') exhibit surprisingly simplistic vocal production [77, 78] . (Note that a focus on vocal production ignores the more sophisticated language-like abilities that primates exhibit in terms of vocal perception [79] ). According to the 'source-filter-theory' first developed to describe human speech [80, 81] , vocal production entails two components: the 'source' of a vocalization (i.e. lungs and the vocal folds) and the means by which a vocalization is shaped, or 'filtered', in the vocal cavities (i.e. vocal tract). Speech relies heavily on the control of 'formants' or vocal resonances (a product of vocal tract morphology) to produce distinct syllables and hence encode information [81] . Primates also produce formants but the formant structure (i.e. distance between sound frequency 'peaks and valleys' [81] ) mainly encodes limited information such as individual identity [82, 83] and body size [84 -86] . Even more elaborate are humans' filtering tools, the descended larynx and tongue [81] . In most primates and other mammals, the tongue remains flat inside the mouth. By contrast, humans have remarkable control over the location and shape of the tongue [81, 87] , giving humans unmatched plasticity in sound invention [88] . This unique vocal plasticity allows us to imitate complex sounds and invent novel sounds, a feat shared with some birds and cetaceans [89, 90] but not with other primates [77, 78] . Despite having a limited ability to imitate and create new sounds, there are some features of primate vocal production that show similarities to human language. For instance, some primates exhibit vocal dialectsgeographical variation in the acoustic structure of certain vocalizations [91] [92] [93] . Calls are recognizably homologous between different populations of the same species, but show acoustic distinctions related to variation in habitat and the duration of isolation, similar to patterns in human linguistic diversity (e.g. [94] ). Additionally, primates such as chimpanzees (Pan troglodytes) [95, 96] , blue monkeys (Cercopithecus mitis) [97] and capuchins (Cebus apella) [98, 99] produce or suppress vocalizations depending on the composition of the conspecific audience.
Primate communication also resembles the semantic content of human language. Several primates exhibit potentially 'referential' allospecific calls that are elicited by external stimuli (table 1) . In some cases, the referential nature of these calls has been supported with playback experiments. For example, each vervet monkey (Chlorocebus pygerythrus) alarm call 'refers' to a different type of predator (leopards, eagles and snakes). Experimental playbacks in the wild indicate that these different alarm calls produce different predator-appropriate responses in the absence of a predator [56] . In further support of the functionally referential nature of primate vocalizations, habituation -dishabituation experiments on Diana monkeys (Cercopithecus aethiops) demonstrated that playbacks of leopard alarm calls or leopard growls resulted in predator-appropriate responses. These results suggest that Diana monkey responses are based on the underlying referent (the predator) rather than any differences in the calls' acoustic properties [100] .
Despite some language-like properties of primate communication, humans exhibit unrivaled flexibility in mixing and matching different sounds to create new meanings through syntax [77, 78, 101] . Very few mammalian species use combinations of calls, and even those that do are unlikely to use these combinations to generate new meanings. There are only a few known cases where primates combine calls in ways that change the meaning of the call elements (red-capped mangabeys (Cercocebus torquatus) [102] ; Campbell's monkeys (Cercopithecus campbelli) [61] ; Diana monkeys (Cercopithecus diana) [57] ). Importantly, these semantic combinations of sounds only comprise a few specific elements and are highly constrained [102, 103] . Non-human primate vocal 'productivity' [104] is therefore far simpler than human communication and may, at best, be labelled as 'proto-syntax'-a term that refers to rule-governed, rather than random, combinations of discrete sounds that lack the sophistication of human grammar [61] .
FUNCTION OF DERIVED VOCALIZATIONS
Although previous studies have been pivotal for identifying aspects of sociality that drive vocal complexity, we still know relatively little about how large vocal repertoires function in complex societies. One reason for this is that comparisons of repertoire size alone fail to identify the specific calls that may have evolved in association with social complexity. With no knowledge about which calls are derived, we can say nothing about how those calls function. Another reason is that comparisons of group size alone fail to identify the specific features about group life that require an increase in vocal complexity. Thus, several questions remain unanswered: first, what specific aspects of sociality create a need for vocal complexity? Is it the number of relationships, the nature of relationships or something else? Second, can we identify the derived components of the vocal repertoire that relate to the demands of increased sociality? That is, if more social species have more calls, how are they using these 'extra' calls?
To help answer these questions, we propose a systematic investigation of closely related species that make detailed comparisons of the functions of 'homologous' (shared between species) and 'derived' (unique to a species) vocalizations. Note that, although a vocalization may be unique to a species because it was present in the common ancestor and lost in the other species, we call them derived calls for simplicity, although the direction of the change (gain or loss) remains a hypothesis that can be examined by comparison to an outgroup. Previous studies have used comparisons among closely related species to understand vocal evolution [71] although not with the goal of understanding vocal complexity per se. In the primate literature, several researchers have made comparisons of vocal behaviour between related species [36, 43, 105, 106] . These studies often include general similarities and differences of call categories [36] , acoustic structure [105] and/or contextual use [43] . In one case [43] , there was a clear attempt to identify homologous and unique calls in two species of macaque (bonnet macaque (Macaca radiata) and lion-tailed macaque (M. silenus)) and two species of langurs (Nilgiri langur, Presbytis johnii ) and common langur (P. entellus)); however, much of the ensuing analyses focused on the differential use of the homologous calls rather than explaining the function of unique calls. The only study to date to focus on unique calls [44] compared the vocal behaviour of the forest-dwelling mandrill (Mandrillus sphinx) to published accounts of savannah-living baboons (Papio spp.) and geladas (Theropithecus gelada). Kudo reported that mandrills produced two unique long-distance contact calls instead of the various short-range calls made by baboons and geladas. Kudo proposed that this difference was likely due to ecological pressures, as low-amplitude vocalizations do not travel well in a forested environment where visual contact is also limited [44] .
Identifying homologous and derived vocalizations is critical for identifying the specific social or ecological factors that may account for complex vocal repertoires. Here, we use a comparison of the vocal complexity in geladas with that in chacma baboons to demonstrate how this homologous-derived vocalization strategy may be implemented. By analysing calls from both species (all obtained from wild populations under natural conditions), we control for variability in how calls are classified which may drive some of the variation in overall repertoire size found in meta-analyses.
GELADAS AND BABOONS-A CASE STUDY
Early researchers were struck by the intricate vocal behaviour of geladas as well as their unusually complex social groups [107 -109] . Although some have proposed a causal connection between these factors [107] , little progress has been made towards understanding why geladas, the only extant Theropithecus species, have elaborate vocal communication compared with other primates. Thus, a comparison between the vocal behaviour of geladas and Papio baboons serves two purposes. First, these two taxa split relatively recently (about 4 Myr ago), and Theropithecus and Papio are probably sister genera [110] . To human observers, they appear to produce similar calls in similar contexts (e.g. affiliative grunts, threat grunts and alarm calls). It is therefore relatively straightforward to identify homologous calls, and simultaneously, to pinpoint the unique call types that result in differences in vocal repertoire size. We can then assess how these unique calls are used to highlight the selective pressures that may have favoured greater vocal complexity.
Second, the differences in the social system and ecology of geladas and baboons make the comparison particularly useful for testing contrasting predictions about the evolution of behavioural differences [111] . Both species live in matrilineal groups in which males disperse [108, 112, 113] . Geladas aggregate into a multi-level, fission -fusion society (forming groups as large as 1100 individuals) [114, 115] and within this group they only recognize and primarily interact with a small subset of the individuals within 'harem-like' reproductive units of 2-15 individuals [108,114 -117] . In these reproductive units, 'leader' males must maintain social relationships with several females, and it is thought that maintaining close social bonds with his unit females may serve to decrease the likelihood that he will be out-competed by a non-unit, 'bachelor' male [118, 119] . In contrast to their complex social system, gelada diets are simple and specialized, with grass as the primary food item [120 -122] .
Unlike geladas, many baboons (e.g. chacma baboons (Papio ursinus)) have a single-level, multimalemultifemale society with no discrete reproductive units (20-120 animals, [123 -125] ). Baboons maintain differentiated relationships based on kinship and dominance with all members of their group, but cross-sex relationships consist mainly of temporary consortships [123 -126] . In terms of ecology, baboons are extremely complex; they live in a range of habitat types and consume anything from fruits and seeds to insects and vertebrates [127 -130] .
Given that geladas and baboons differ in their sociality and ecology, we predict corresponding differences in the call types comprising their vocal repertoires. For instance, geladas-specifically males-may produce more types of calls that are used in affiliative situations. On the other hand, baboons may use proportionally more allospecific calls to communicate about general features of the environment such as food items. To test our predictions, we compared the vocal behaviour of geladas with one representative of the Papio genusthe chacma baboon [44] -to identify derived call types. While we recognize that vocalizations from a single population may obscure variation within the genus, both the literature and our experience with multiple types of Papio baboons suggests that repertoire variation within Papio is minimal [44] and that the types of vocalizations used by chacma baboons are very similar to even the socially-divergent Papio species, P. hamadryas [44, 131] . Furthermore, our descriptions of gelada vocalizations closely match those from captive geladas [132] suggesting that such vocalizations are not unique to one population. For any derived vocalizations, we then conducted intraspecific analyses to determine their possible functions. The call types and contexts of all vocalizations were described at the time of recording. Our analyses focus on common calls that occurred repeatedly during focal sampling and we do not attempt to describe all vocalizations produced in each species. The inter-observer reliability (between assignments made in the field and assignments that were blind to previous designations and based on isolated calls in the absence of contextual information) of a subset of these calls (five exemplars/ call type/species/sex class) was 96 per cent. We used AVISOFT (v. 5.1.12, R. Specht, Berlin) to generate spectrograms with a fast Fourier transformation size of 1024 points. Focusing on spectrograms with high signal-to-noise ratio, we categorized call types by ear, visual inspection of the spectrograms and the contexts in which they occurred (chacma females ¼ 50 calls; chacma males ¼ 32 calls; gelada females ¼ 72 calls; gelada males ¼ 92 calls). There were an equal number of calls per individual (within species/sex class) for each call type (n ¼ 1 -3 call replicates per individual, 6 -12 total calls per call type). We optimized the frequency range of different call types (11 or 22 kHz) where appropriate (time resolution of 2.667-2.903 ms and a 100% frame).
We used Avisoft to quantify eight temporal and spectrum-based acoustic parameters in the spectrograms: duration, mean bandwidth, frequency under which 25 per cent of the call's energy lies (start, maximum and mean), number of harmonic peaks under 20 dB (maximum and mean), maximum peak frequency. Then, to determine the probability of correctly assigning each vocalization to a pre-categorized call type, we performed stepwise discriminant function analyses (DFAs) with a subsequent leave-on-out cross-validation procedure for each of the four species/sex classes separately [133] . We used multivariate analyses of variance (MANOVAs) to verify the significance of the final DFA parameters. Finally, we identified homologous calls between species based on both acoustic and contextual similarity.
(ii) Results Male and female geladas and chacma baboons produced a range of allospecific and social calls used in both affiliative contexts (e.g. grooming and copulation) and non-affiliative contexts (e.g. challenge displays and dominance interactions), with geladas producing a greater number of call types (table 2) . Of the 14 call types we identified, eight were found in both geladas and chacmas and six were unique to geladas. The derived gelada calls occurred primarily in short-range affiliative contexts (table 2) . Extant literature and our own observations indicated that most of the homologous call types are produced in a similar morphological way-a vocalized exhale-while geladas produce both inhaled and exhaled versions of calls that are acoustically distinct (we only separate inhaled and exhaled grunts here because they are the most common, but they also produce inhaled 'moans' and 'wobbles', table 2).
We performed further analyses on 12 vocalization types, of which only seven were found in chacmas (figures 1 and 2 ). Other call types were excluded from further DFA analyses because they were rarely produced without overlapping vocalizations, and hence, there were too few high-quality recordings to analyse (gelada female: display calls, moans, inhaled grunts, wobbles and yawns; gelada male: how barks, nasal inhaled grunts and alarm calls; chacma female: alarm calls; chacma male: fear grunt, alarm calls and copulation calls). We were able to discriminate between all call types for each age-sex class, using DFAs; based on eight acoustic parameters, we classified call types at a higher rate (range: 67.4 -93.8%; leave-oneout classification range: 50 -90.6%) than expected by random classification (range: 10 -33.3%). A MANOVA test carried out for each of the four species/sex classes showed that pre-categorized call types were significantly different from each other based on variation in at least four of the chosen acoustic parameters (p , 0.003).
In sum, acoustic analysis shows that geladas share a number of vocalization types with chacma baboons. While chacma baboons did not appear to have any unique calls, the analysis allowed identification of at least five derived vocalization types in geladas: inhaled grunts, moans, pre-copulation calls, wobble calls and yawns. We then carried out intraspecific analysis to determine how these calls function in gelada society.
(c) Intraspecific analysis of derived gelada vocalizations (i) Comparison of derived call use in gelada males and females To determine the function of the derived gelada vocalizations identified above, we first examined potential sex differences in the use of these calls. By definition, pre-copulation calls were produced only by females in very straightforward contexts (i.e. produced prior to copulation). Thus, we focused here on the use of inhaled grunts, moans, wobbles and yawns. Behavioural data on adult male and female geladas were obtained between January 2009 and December 2010 during repeated 15-min focal follows of 53 females (mean + s.d.: 6.55 + 2.59 h per female; 348.50 h in total) and 13 leader males (6.60 + 1.86 h per male, 85.75 h in total). During these focal follows we noted all vocalizations uttered by the focal animal, as well as all social behaviour (e.g. approaches and grooming interactions) involving the focal individual.
Next, we determined sex differences in the use of derived vocalizations by carrying out a general linear model (GLM) with sex and average reproductive unit size (over the entire study period) as fixed factors. We found that gelada males produced four of the derived calls (i.e. inhaled grunts, moans, wobbles and yawns) at a higher mean rate (14.13 calls per h) than did gelada females (0.39 calls per h) (F 1,63 ¼ 708.144, p , 0.001), and reproductive unit size did not come out as a significant covariate (F 1,63 ¼ 0.942, p ¼ 0.336). Thus, males appeared to be the sex using derived vocalizations. We next explored whether these unique calls were used in contexts that are unique to males in gelada society.
(ii) Functionality of derived gelada male calls First, we tested the hypothesis that derived social calls are used by males to maintain social relationships with the unit females by examining vocal behaviour in the context of conflict resolution. Using all adult female focal data, we identified every fight (both as actor and receiver) in which the focal female was involved. These fights (n ¼ 107 events) were characterized by loud screams from the focal female (n ¼ 48 events), or direct, physical attacks from the focal female that included biting and slapping (n ¼ 59 events). We deliberately excluded any inconspicuous agonistic interactions (such as soft threat calls or visual threats) that may have gone unnoticed by other group members. For each fight event we counted all derived vocalizations directed at the focal animal by males in the 2 min preceding the event and the 2 min following the event and compared these values with binomial tests of proportions.
Second, we tested the hypothesis that derived social calls were used by males in association with the presence of non-unit, 'bachelor' males that pose a threat to the leader males (all leader males are eventually ousted by bachelor males). We used all adult leader male focal Table 2 . Descriptions of call types used by geladas and chacma baboons in short-range and in long-distance situations, including the way in which they are physically produced and the contexts in which they occur. CF, chacma female; CM, chacma male; GF, gelada female; GM, gelada male. Asterisks denote vocalizations that were not used in discriminant function analyses due to low sample size. long drawn-out affiliative grunt, often given by leader males to their unit's females ( [109, 132, 139] ; this study) wobble (GF*, GM) vocal inhale or exhale with lip or tongue-flicking soft, undulating calls usually given by males to their unit females, often following 'anxiety-producing' situations (this study) yawn (GF*, GM) inhale a vocalized yawn given in social contexts, often involving grooming sessions and also after mating or in competitive situations ( [140] ; this study) pre-copulation call (GF) short exhale calls given by oestrous females while presenting their genitals to males how barks (GM*) exhale high-pitched barks/whinnies given by non-leader males giving chase to other males in competitive displays data for which the location of bachelors was stable throughout the entire 15-min focal sample. In other words, bachelor groups were either close to the focal male (within 20 m: n ¼ 16 focals), far (more than 20 m; n ¼ 24 focals), or out of sight (n ¼ 26 focals). We carried out two GLMs with male identity as a random factor, bachelor distance as a fixed factor, and the rate of derived calls as the dependent variable (first model: close versus far; second model: close versus out of sight). We found evidence that males used non-homologous derived calls to maintain cross-sex social relationships with females in his units. Specifically, we found that males directed derived non-homologous calls at females after fights happened (14 occurrences), and they never used them before a fight (binomial test of proportions: x 2 1 ¼ 12:916, p , 0.001). On the other hand, we did not find any evidence that males used the derived calls in response to the presence of bachelors. Leader males did not produce derived calls at a high rate when bachelor groups were close (3.23 calls per h) compared with when they were far away (2.04 calls per h) (F 1,8 ¼ 0.394, p ¼ 0.548). Similarly, leader males did not produce derived calls at a higher rate when bachelor groups were close compared to when they were out of sight (2.51 calls per h) (F 1,11 ¼ 0.078, p ¼ 0.785).
(d) General discussion Geladas have an elaborate, almost 'choral' vocal repertoire [109] and live in a complex society with social groups of varying sizes, making geladas an important model system for addressing hypotheses about vocal evolution. Identifying homologous vocalizations shared with Papio baboons allowed us to study the function of derived gelada vocalizations. It did not appear that interacting with many individuals [20, 141] was necessarily an important factor in the use of derived calls, as their production was not correlated with the reproductive success [118] . It remains to be determined why the cross-sex bonds seen in geladas seem more tightly linked to vocal complexity than the within-sex bonds found in both species. Our results suggest that future studies should examine whether hamadryas baboons (Papio anubis), a Papio species that also has a 'harem-like' structure [142] , have any evidence of greater elaboration of affiliative call use by males. This comparison is particularly important for uncovering how vocalizations relate to specific aspects of long-term bonds because hamadryas males form long-term bonds with females but the relationship is more coercive than in geladas and there does not appear to be a need to 'keep the peace'. In geladas, investigations of how females respond to derived vocalizations and the subsequent benefits to leader male fitness is an exciting direction for future research. It may be the case, for instance, that these derived vocalizations reduce female anxiety, similarly to the proposed anxiolytic effects of grooming [143 -145] .
One puzzling aspect of our findings is that the derived calls used by males are all used in similar contexts. Further work is needed to tease apart any potential differences between the derived gelada calls but this redundancy suggests an additional hypothesis. Perhaps the extremely large groups of geladas (herds can number up to 1000) and high rates of vocalizations (mean + s.d.: chacmas: 8.84 + 4.49 calls per h, geladas: 16.95 + 8.51 calls per h) create 'vocal clutter' that the geladas have overcome by diversifying their most common call types-affiliative vocalizations. Thus the need to maintain bonds within a noisy backdrop of conspecific vocalizations may favour greater vocal complexity, possibly explaining some of the group size effects seen in other studies [20] .
CONCLUSIONS
Comparisons of repertoire size and components suggest that primates are broadly similar to other mammals, despite primates having greater social complexity. However, our comparison of baboons and geladas highlights the utility of making detailed comparisons among closely related species to understand vocal evolution. We were able to examine the function of recently evolved calls in detail and examine the specific social implications of increased repertoires by focusing on specific call types, addressing sexual differences, and using behavioural measures to describe social complexity. We found that the larger vocal repertoire of geladas is linked to the maintenance of cross-sex bonds within the reproductive unit. Broadly focused theoretical and comparative analyses [2, 3, 5, 20] are vital to drive the investigation of communicative complexity. We argue that there is also a need for more focused analyses among carefully chosen taxa using directly comparable measures in the study of vocal complexity.
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